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ABSTRACT Picosecond laser photoly-
sis of rhodopsin in 15% polyacrylamide
gel was performed for estimating abso-
lute absorption spectra of the primary
intermediates of cattle rhodopsin
(bathorhodopsin and photorhodopsin).
Using a rhodopsin digitonin extract
embedded in 15% polyacrylamide gel,
a precise percentage of bleaching of
rhodopsin after excitation of a picosec-
ond laser pulse was measured. Using
this value, the absolute absorption
spectrum of bathorhodopsin was cal-
culated from the spectral change
before and 1 ns after the picosecond
laser excitation (corresponding to the
difference spectrum between rhodop-
sin and bathorhodopsin). The absorp-
tion spectrum of bathorhodopsin thus
obtained displayed a Xmax at 535 nm,
which was shorter than that at low
temperature (543 nm) and a half band-
width broader than that measured at
low temperature. The oscillator
strength of bathorhodopsin at room
temperature was smaller than that at
low temperature. The absolute absorp-
tion spectrum of photorhodopsin was
also estimated from the difference
spectrum measured at 15 ps after the
excitation of rhodopsin (Shichida, Y., S.
Matuoka, and T. Yoshizawa. 1984.
Photobiochem. Photobiophys. 7:221 -
228), assuming a sequential conver-
sion of photorhodopsin to bathorho-
dopsin. Its X.,X was located at -570
nm, and the oscillator strength was
smaller than those of rhodopsin and
bathorhodopsin.
MATERIALS AND METHODS
Elucidation of the molecular mechanism of the extraordi-
narily high photosensitivity of rhodopsin is one of the most
challenging fields of visual photochemistry. Application
of low temperature spectrophotometry and picosecond
laser photolysis to the primary steps of photochemical
reaction of rhodopsin provoked a fruitful discovery of
several intermediates (1-3). The picosecond laser photo-
lysis is superior in that it can be used for investigation of
the photochemical reaction at physiological temperature
(4). However, it is inevitably weak for measuring an
absolute absorption spectrum which is essential for eluci-
dating the structure of chromophore and the chromo-
phore-protein interaction in the intermediate. In a pico-
second laser system, both excitation and monitoring
pulses are usually so small in diameter that all the
rhodopsin molecules in the sample cell can neither be
excited nor monitored. This causes difficulty in estimat-
ing an accurate percentage of bleaching of rhodopsin
sample in the excited area of the sample cell, because
rhodopsin molecules thus excited diffuse in the sample
cell after the excitation. Because it is essential to measure
the accurate percentage of bleaching for calculation of
absolute absorption spectra of intermediates of rhodopsin,
we have attempted to make rhodopsin molecules immobil-
ized in polyacrylamide gel and to estimate the accurate
percentage of bleaching of rhodopsin, followed by presen-
tation of absolute absorption spectra of cattle batho- and
photorhodopsins.
Preparation of rhodopsin sample
embedded in polyacrylamide gel
Rod outer segments (ROS) were separated from cattle retinas by a
sucrose flotation method described previously (5). The rhodopsin in
ROS was extracted with 2% digitonin in 10 mM Hepes buffer (pH 7.0).
The extract was mixed with an equal volume of 30% acrylamide solution
containing 0.8% bis acrylamide. After removing the gas dissolved in the
mixture by use of an aspirator, the polymerization of the acrylamide was
initiated by addition of 10% ammonium peroxodisulfate (in H20) and
N,N,N',N'-tetramethylethylenediamine of 1/100 and 1/1,000 vol of the
previous solution, respectively. Immediately, the mixture was pipetted
into several sample cells. This sample cell was composed of two long
(5 x 60 x 2 mm3) and one short (5 x 14 x 2 mm3) silicon rubbers with
an interstitial space (4 x 60 x 2 mm3) which were sandwiched between
two slide glasses (Fig. 1 a). Using this sample cell, we prepared a long
and slender 15% polyacrylamide gel (4 x 60 x 2 mm3). After the
completion of polymerization, a short silicon rubber was removed and
the gel in the sample cell was put into 50 mM hydroxylamine dissolved
in 10 mM Hepes buffer (final pH 7.0) and incubated for >36 h, during
which the hydroxylamine was penetrated into the gel. We call this
preparation "rhodopsin gel." All the experiments were done under dim
red light unless otherwise described.
Examination of immobility of
rhodopsin molecule in the gel
An absorption spectrum of rhodopsin gel was measured by a spectropho-
tometer (model 330; Hitachi Ltd., Tokyo) using an aperture of 2-mm
diameter in front of the sample cell (curve 1 in Fig. 2). The sample was
then completely bleached with an orange light (>560 nm) passed
through the aperture. The light source of the irradiation was a
tungsten-halogen lamp (1 kw; Sanko, Tokyo) which had passed through
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FIGURE 1 (a) A sample cell for the rhodopsin gel. It is composed from
two slide glasses and three silicon rubbers (two long and one short). The
rhodopsin sample to be polymerized was pipetted into the cell. After
completion of polymerization, the short silicon rubber was removed. (b)
Schematic drawing of the sample cell for picosecond absorption mea-
surement. An aperture of 1.2 mm diameter was placed behind the
sample cell, where a monitoring and excitation pulses were crossed each
other. The monitoring pulse, which was generated from a glass block by
self-phase modulation effect (SPM) of a fundamental pulse ofNd:YAG
laser, was focused on a ground glass, for changing from polarized pulse
into unpolarized one. The monitoring pulse was focused on the aperture
behind the sample cell, whereas the excitation pulse, which was linearly
polarized, was not focused. The angle between monitoring and excita-
tion pulses was smaller than 5°. The sample cell was horizontally moved
after every excitation for excitation of unexcited area of the gel.
FIGURE 2 (a) Absorption spectra of rhodopsin gel (curve 1) and its
completely bleached product measured immediately (curve 2) and 1 h
(curve 3) after irradiation of orange light (>560 nm) from the steady
light source. An aperture of 2 mm diameter was placed in front of the
sample cell. No difference between curves 2 and 3 indicates no transla-
tional diffusion of rhodopsin molecule in the gel (see text). Curves 1' and
2' (dotted line) are spectra of rhodopsin-digitonin (2%) complex and its
completely bleached product in the presence of 50 mM hydroxylamine
(pH 7.0). Absorbance at X.. of curve 1' was equalized to that of curve 1.
(b) Difference spectra between rhodopsin and its bleached product in
15% polyacrylamide gel (curve 4) and in 2% digitonin solution (curve 5).
Curves 4 and 5 are differences between curves I and 2, and between
curves 1' and 2'.
studied by use of the same set-ups as that used in the translational
diffusion experiment, except that a polarizer, through which both
monitoring and irradiation lights pass, was set in the spectrophotometer.
Thus, time courses of absorbance change at 500 nm of the rhodopsin gel
were measured with a polarized monitoring light after irradiations of a
parallel or a perpendicularly polarized orange light. Because no differ-
ence between each time course was observed (data not shown), we
concluded that the rhodopsin molecule can rotate in the gel (rotational
diffusion was completed within second timescale).
a glass cut-off filter (VO-58; Toshiba, Tokyo). To examine translational
diffusion of rhodopsin molecule in the gel, we repeatedly measured the
absorption spectrum of the gel (curves 2 and 3 in Fig. 2). If the
translational diffusion of rhodopsin molecule took place, the bleached
molecules in the irradiated area would be mixed with unbleached
molecules (rhodopsin) in the unirradiated area, so that the recovery of
absorbance at 500 nm could be observed. Because no absorbance change
was observed within 1 h, the rhodopsin molecule could not translate in
the gel within the time scale.
For checking a degree of rotational diffusion of the rhodopsin
molecule in the gel, light-induced dichroism of the rhodopsin gel was
Picosecond absorption
measurement and estimation of
the percentage of bleaching
An optical setup for the picosecond laser photolysis was described
previously (6). To estimate an accurate percentage of bleaching caused
by a single picosecond excitation, an experiment was performed as
follows.
First, a spectrum of rhodopsin gel was measured with monitoring
pulses (wavelength, 470-660 nm; pulse width, 21 ps) from a picosecond
laser apparatus at room temperature. This measurement was repeated
five times [A,(X)] for increasing a signal-to-noise ratio of the spectrum.
454 Biophysical Journal Volume 56 September
a
Biophysical Journal Volume 56 September 1989
Then the rhodopsin gel was excited with a green pulse (wavelength, 532
nm; pulse width, 21 ps), followed by measurement of a spectrum at 1 ns
after the excitation (Fig. I b). In the measurement, a VO-55 cut-off
filter (Toshiba, Tokyo) was placed in front of the polychrometer to
exclude scattering light due to the excitation pulse. To avoid an artificial
absorption change owing to the excitation with an intense picosecond
pulse, we used a weak pulse for the excitation (below 25 ,J/1.8 mm+)
(7). Then, a difference spectrum before and 1 ns after excitation
(wavelength, 550-660 nm) was recorded, which corresponded to a
difference spectrum between rhodopsin and bathorhodopsin (6). About
5 min after the excitation (rotational diffusion was completed and no
translational diffusion was detected), the spectrum of the rhodopsin gel
was measured again with monitoring pulses. This measurement was
repeated five times [A2(X)]. Finally, the rhodopsin gel was completely
bleached by several tens of times repetition of the excitation with the
picosecond green pulses and then the spectrum was measured five times.
Because the spectrum coincided with baseline (zero absorbance) in the
range from 470 to 660 nm, the percentage of bleaching of rhodopsin by
the single excitation was determined according to the following equa-
tion:
I O Al (A) dXA-I" A(A) dA
% bleaching = A4(l)dX A (1)
fO A1(X) dX
40
The absolute absorption spectrum of bathorhodopsin at wavelengths
longer than 550 nm was calculated from the data thus obtained. The
spectrum in the range from 400 to 530 nm was calculated from that
previously reported (6). The spectrum of photorhodopsin was calculated
from a difference spectrum between the intermediates and rhodopsin
measured at 15 ps after excitation, which was previously reported (6).
This difference spectrum includes the contribution of bathorhodopsin,
because the lifetime of photorhodopsin was estimated to be 45 ps (8). A
computer simulation, in which widths of the excitation and the monitor-
ing pulses (25 ps) and the lifetime of photorhodopsin were taken into
consideration on the basis of the scheme of primary process of cattle
rhodopsin
h,v fast(rhodopsin I rhodopsin* photorhodopsin
45 ps
, bathorhodopsin),
revealed that the difference spectrum measured at 15 ps composed of
67% photorhodopsin and 33% bathorhodopsin. Thus, a real difference
spectrum between photorhodopsin and rhodopsin was calculated by
subtracting the contribution of bathorhodopsin in the difference spec-
trum. Then the absolute absorption spectrum of photohodopsin was
calculated.
RESULTS AND DISCUSSION
The rhodopsin gel was prepared as described in Materials
and Methods. Although an addition of hydroxylamine to
the gel is indispensable for estimating the precise percent-
age of bleaching of rhodopsin, no polymerization of
acrylamide took place in the presence of hydroxylamine
according to our preliminary experiments. Thus, we first
prepared a gel in the sample cell (Fig. 1 a) without
addition of hydroxylamine. Then hydroxylamine was
penetrated into the gel by immersing it into 50 mM
hydroxylamine solution (pH 7.0). Fig. 2 a shows the
absorption spectra of the rhodopsin gel, rhodopsin-
digitonin (2%) complex and their completely bleached
products (retinal oxime) which were measured through
an aperture of 2 mm diameter in front of the sample cell.
We confirmed the difference spectrum before and after
complete bleaching of the rhodopsin gel was identical to
that of rhodopsin in 2% digitonin solution in the presence
of 50 mM hydroxylamine (Fig. 2 b).
A noteworthy point is that the spectrum of the bleached
gel never changed within 1 h (curves 2 and 3 in Fig. 2 a),
indicating that any translational diffusion of rhodopsin
molecule was hampered in the gel. In fact, a colorless hole
of 2 mm diameter in red gel could be seen after the
experiment. On the other hand, no light-induced dichro-
ism was observed in the gel, indicating that the rapid
rotation of rhodopsin molecule took place in the gel.
Fig. 3 a shows a difference spectrum between batho-
rhodopsin and rhodopsin measured at 1 ns after the
excitation of rhodopsin gel. This spectrum was almost
identical in shape with that measured in 2% digitonin
solution (Fig. 3 b). The percentage of bleaching of the
rhodopsin molecules in the spot of the gel exposed by the
pulse was estimated to be 10.9% by calculating Eq. 1 (Fig.
4). This value, however, is not the real percentage of
bleaching because the rhodopsin molecules in the gel can
rotate three-dimensionally, whereas the absorption spec-
tra measured above gave only two-dimensional informa-
tion. Thus the real percentage of bleaching was estimated
to be 16.4% (10.9 x 3/2).
Using this value, the absolute absorption spectrum of
bathorhodopsin was calculated (Fig. 5). Bathorhodopsin
at room temperature has a Xm,, at -535 nm, which is 8 nm
u
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FIGURE 3 Difference spectra between the photoproduct and rhodopsin
in rhodopsin gel (a) and in 2% digitonin solution (b) measured at I ns
after excitation with a picosecond laser pulse (532 nm, 21 ps). These
spectra represent the averages of 17 experiments (a) and 54 experiments
(b), respectively. The excitation pulse energy was 10.4 4J/1.2 mm+.
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FIGURE 4 Difference absorption spectra of rhodopsins in rhodopsin gel
before and after bleaching measured by picosecond laser apparatus.
Broken curve shows one fifth of the spectrum of the original rhodopsin
(corresponding to the denominator in Eq. 1 and identical to curve 1 in
Fig. 2 a). Solid curve is a difference spectrum between before and 5 min
after excitation with a picosecond laser pulse (corresponding to the
numerator in Eq. 1).
shorter than that at low temperature. It should be noted
that bathorhodopsin at room temperature has 0.91 times
Cmaxthan that of rhodopsin, whereas bathorhodopsin mea-
sured at low temperature has 1.13 times Emax of rhodopsin
(9). The spectral difference between room and low tem-
peratures was also reported in case of K intermediate of
bacteriorhodopsin (10), in which the spectrum at room
temperature has the absorption maximum at 610 nm, 16
nm shorter than that at -1900C, and the extinction
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FIGURE 5 Absolute absorption spectra of cattle rhodopsin (curve 1),
bathorhodopsin (curve 2), and photorhodopsin (curve 3) at room
temperature. Because the scattering of the excitation pulse made it
impossible to measure the spectral region from 530 to 550 nm, the
spectra in this region were plotted by extrapolating the spectra in other
region (dotted lines).
coefficient 0.8 times as small as that at -1900C. There-
fore, the difference in spectrum between room and low
temperatures seems to be common to animal- and bac-
teriorhodopsin systems.
Another noteworthy point is that the spectral half
bandwidth of bathorhodopsin at room temperature (4,660
cm-I; curve 2 in Fig. 5) was broader than those of
rhodopsin at room temperature (4,300 cm-'; curve 1 in
Fig. 5) and bathorhodopsin at low temperature (4,250
cm-'; [9]). The oscillator strength of bathorhodopsin at
room temperature, which can be calculated from its
spectrum, was comparable with that of rhodopsin at room
temperature, and -0.9 times that of bathorhodopsin at
low temperature. Difference in oscillator strength
between bathorhodopsins at room and low temperatures
suggests that some difference in potential surface exists
between them. Bathorhodopsin at room temperature is
rapidly converted to lumirhodopsin through a reaction
coordinate, whereas that at low temperature is stable.
Therefore, the difference is oscillator strength between
them suggests that bathorhodopsin at low temperature
would be fallen into some "potential pocket." The ener-
getics and the chromophoric structure of bathorhodopsin
at low temperature have been studied by circular dichro-
ism (1 1, 12), photocalorimetry (13, 14) and resonance
Raman spectroscopy (15, 16). As the results, bathorho-
dopsin has relatively higher energy state than rhodopsin
and a chromophore which is in a twisted structure. To
compare the states of bathorhodopsins between room and
low temperatures, we will research time-resolved mea-
surements at room temperature in the future.
The broader half bandwidth of bathorhodopsin than
that of rhodopsin may be explained by an existence of two
kinds of bathorhodopsin, which was first reported by low
temperature spectrophotometry (17, 18) and then con-
firmed by nanosecond laser photolysis (19).
Spalink et al. (20) reported the absolute absorption
spectrum of bathorhodopsin which was similar to that at
low temperature. Their spectrum was calculated on the
basis of their result of the relative quantum yield of
isorhodopsin to that of rhodopsin (1.1), which was
extremely different from those obtained by steady illumi-
nation (0.3-0.4) (21-23). Our recent measurements (5)
proved that the ratio was 0.39 even under excitation
conditions with picosecond laser pulse and became higher
when an intense laser pulse was used. Because the high
ratio of relative quantum yield they obtained should be
attributed to this nonlinear effect caused by an intense
laser pulse, the spectrum calculated on the basis of this
value should be different from that we obtained.
The absorption spectrum of photorhodopsin has been
calculated from the data previously reported (Fig. 5; see
Materials and Methods). Photorhodopsin has a Xmax at
570 nm, 0.96 times Emax of rhodopsin and a half bandwidth
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of -120 nm (4,000 cm-'). Its maximum lay -35 nm
longer than that of bathorhodopsin. Moreover, it should
be noted that both spectral bandwidth and oscillator
strength were considerably smaller than those of rhodop-
sin and bathorhodopsin. The small oscillator strength of
photorhodopsin is likely to be due to a distortion of the
retinylidene chromophore, because an oscillator strength
is very sensitive to coplanarity of a conjugated double
bond (24), and distortion of a conjugated double bond
system from the coplanarity causes a decrease in its value.
If so, what bond is distorted? Our recent results of
picosecond laser photolysis of rhodopsin analogues having
C11-C,2 locked retinal analogues revealed that the chro-
mophore of photorhodopsin should be in an all-trans form
at C11-C,2 double bond with nearby single bonds highly
distorted (25). Therefore, photorhodopsin is likely to be
an intermediate state in isomerization of the chromo-
phore.
We thank Dr. Yoshitaka Fukada and Mr. Osamu Kuwata for their
helpful advice to prepare the rhodopsin gel.
This research was supported in part by grants-in-aid for Specially
Promoted Research to T. Yoshizawa (63065002), for Scientific
Research on Priority Areas to Y. Shichida (63621003), and for Encour-
agement of Young Scientists to H. Kandori (63790474) from the
Japanese Ministry of Education, Culture and Science, and in part by a
Special Coordination Fund of the Science and Technology Agency of
the Japanese Government.
Receivedfor publication 7 November 1988 and infinalform 29
March 1989.
REFERENCES
1. Birge, R. 1981. Photophysics of light transduction in rhodopsin and
bacteriorhodopsin. Annu. Rev. Biophys. Bioeng. 10:315-354.
2. Yoshizawa, T. 1972. The behaviour of visual pigments at low
temperature. In Handbook of Sensory Physiology. Vol. 7/1.
H. J. A. Dartnall, editor. Springer-Verlag, Berlin. 145-179.
3. Shichida, Y. 1986. Primary intermediates of photobleaching of
rhodopsin. Photobiochem. Photobiophys. 13:287-307.
4. Busch, G. E., M. L. Applebury, A. A. Lamola, and P. M. Rentzepis.
1972. Formation and decay of prelumirhodopsin at room temper-
atures. Proc. Natl. Acad. Sci. USA. 69:2802-2806.
5. Kandori, H., S. Matuoka, H. Nagai, Y. Shichida, and T. Yoshiza-
wa. 1988. Dependency of apparent relative quantum yield of
isorhodopsin to rhodopsin on the photon density of picosecond
laser pulse. Photochem. Photobiol. 48:93-98.
6. Shichida, Y., S. Matuoka, and T. Yoshizawa. 1984. Formation of
photorhodopsin, a precursor of bathorhodopsin, detected by a
picosecond laser photolysis at room temperature. Photobiochem.
Photobiophys. 7:221-228.
7. Matuoka, S., Y. Shichida, and T. Yoshizawa. 1984. Formation of
hypsorhodopsin at room temperature by picosecond green pulse.
Biochim. Biophys. Acta. 765:38-42.
8. Kandori, H., S. Matuoka, Y. Shichida, and T. Yoshizawa. 1989.
Dependency of photon density on primary process of cattle
rhodopsin. Photochem. Photobiol. 49:181-184.
9. Yoshizawa, T., and G. Wald. 1963. Pre-lumirhodopsin and the
bleaching of visual pigments. Nature (Lond.). 197:1279-1286.
10. Shichida, Y., S. Matuoka, Y. Hidaka, and T. Yoshizawa. 1983.
Absorption spectra of intermediates of bacteriorhodopsin mea-
sured by laser photolysis at room temperatures. Biochim. Bio-
phys. Acta. 723:240-246.
11. Horiuchi, S., and T. Yoshizawa. 1980. Circular dichroism of cattle
rhodopsin and bathorhodopsin at liquid nitrogen temperature.
Biochim. Biophys. Acta. 591:445-457.
12. Fukada, Y., Y. Shichida, T. Yoshizawa, M. Ito, A. Kodama, and K.
Tsukida. 1984. Studies on structure and function of rhodopsin by
use of cyclopentatrienylidene 1 l-cis-locked rhodopsin. Biochem-
istry. 23:5826-5832.
13. Cooper, A. 1979. Energy uptake in the first step of visual excitation.
Nature (Lond.). 282:531-533.
14. Schick, G. A., T. M. Cooper, R. A. Holloway, L. P. Murray, and
R. R. Birge. 1987. Energy storage in the primary photochemical
events of rhodopsin and isorhodopsin. Biochemistry. 26:2556-
2562.
15. Eyring, G., B. Curry, A. Broek, J. Lugtenburg, and R. A. Mathies.
1982. Assignment and interpretation of hydrogen out-of-plane
vibration in the resonance Raman spectra of rhodopsin and
bathorhodopsin. Biochemistry. 21:384-393.
16. Palings, I., J. A. Pardoen, E. van den Berg, C. Winkel, J. Lugten-
burg, and R. A. Mathies. 1987. Assignment of fingerprint
vibrations in the resonance Raman spectra of rhodopsin, isorho-
dopsin, and bathorhodopsin: implications for chromophore struc-
ture and environment. Biochemistry. 26:2544-2556.
17. Sasaki, N., F. Tokunaga, and T. Yoshizawa. 1980. Existence of two
forms of bathorhodopsins. FEBS (Fed. Eur. Biochem. Soc.) Lett.
114:1-3.
18. Sasaki, N., F. Tokunaga, and T. Yoshizawa. 1980. The formation of
two forms of bathorhodopsin and their optical properties. Photo-
chem. Photobiol. 32:433-441.
19. Einterz, C. M., J. W. Lewis, and D. S. Kliger. 1987. Spectral and
kinetic evidence for the existence of two forms of bathorhodopsin.
Proc. Nati. Acad. Sci. USA. 84:3699-3703.
20. Spalink, J. D., A. H. Reynolds, P. M. Rentzepis, W. Sperling, and
M. L. Applebury. 1983 Bathorhodopsin intermediates from
1 1-cis-rhodopsin and 9-cis-rhodopsin. Proc. Natl. Acad. Sci.
USA. 80:1887-1891.
21. Kropf, A., and R. Hubbard. 1958. The mechanism of bleaching
rhodopsin. Ann. NYAcad. Sci. 74:266-280.
22. Hurley, J. B., T. G. Ebrey, B. Honig, and M. Ottolenghi. 1977.
Temperature and wavelength effects on the photochemistry of
rhodopsin, isorhodopsin, bacteriorhodopsin and their photopro-
ducts. Nature (Lond.). 270:540-542.
23. Liu, R. S. H., F. Crescitelli, M. Denny, H. Matsumoto, and A. E.
Asato. 1986. Photosensitivity of 10-substituted visual pigment
analogues: detection of a specific secondary opsin-retinal interac-
tion. Biochemistry. 25:8026-7030.
24. Sperling, W. 1973. Conformations of 11 -cis retinal. In Biochemistry
and Physiology of Visual Pigments. H. Langer, editor. Springer-
Verlag, Heidelberg. 19-28.
25. Kandori, H., S. Matuoka, Y. Shichida, T. Yoshizawa, M. Ito, K.
Tsukida, V. Balogh-Nair, and K. Nakanishi. 1989. Mechanism
of isomerization of rhodopsin studied by use of 1 1-cis-locked
rhodopsin analogues excited with picosecond laser pulse. Bio-
chemistry. In press.
Kandori et al. Spectra of Rhodopsin Intermediates 457
